Maraviroc is the first US Food and Drug Administration-approved drug from a new class of antiretroviral agents that targets a host protein, the chemokine receptor CCR5, rather than a viral target. Binding of maraviroc to this cell-surface protein results in blocking human immunodeficiency virus type 1 (HIV-1) attachment to the coreceptor and prevents the virus from entering CD4 + cells. In this review, we include the details of the discoveries that led to the development of this drug. The drug's pharmacology, including pharmacokinetics and drug interactions, is discussed, as are the clinical efficacy studies that led to licensure. HIV-1 mechanisms of resistance to maraviroc, assays to determine viral coreceptor use (tropism), drug safety, and clinical use of maraviroc are discussed at length.
In August 2007, the US Food and Drug Administration approved the first of a new class of antiretroviral drugs for use in HIV type 1 (HIV-1)-infected persons. Maraviroc, an inhibitor of the interaction between the chemokine receptor CCR5 and HIV-1 gp120, was approved for treatment of patients already experiencing virologic failure because of resistance to other antiretroviral agents.
Inhibition of viral entry is not a new concept. It is, after all, one of the principle mechanisms of viral inhibition by the acquired immune response to infection, and viral entry is the step in viral life cycles that vaccine-induced antibodies are designed to block. Therefore, inhibition of viral entry was a logical target in the case of HIV-1.
When the CD4 receptor was determined to be the primary receptor for HIV-1 binding to CD4 + cells in 1984 [1] , there were numerous attempts by researchers and the pharmaceutical industry to develop inhibitors of the binding step. It was apparent from experiments with hybrid murine cells expressing human CD4 + cells that CD4 + cell binding alone did not result in viral entry into cells and that another step was necessary [2] . The coreceptors CCR5 and CXCR4 were discovered a few years later by 2 different research groups [3, 4] . These chemokine receptors were the missing piece of the puzzle that explained viral entry into CD4 + cells, and blocking these cells with their natural ligands (MIP-1a, MIP-1b, and RANTES for CCR5; SDF-1 for CXCR4) resulted in profound inhibition of HIV-1 infection in vitro [5] . Because CCR5 is used by nearly all viral isolates found in new or early infections and is present throughout the course of 150% of infections, this coreceptor presented a potential vulnerability in the viral life cycle. An effort to find effective inhibitors of the interaction between the viral envelope and CCR5 was thus launched by several pharmaceutical companies. The most successful of these efforts resulted in the drugs maraviroc, vicriviroc, and aplaviroc. Aplaviroc development ceased after significant hepatotoxicity became apparent in animal studies. Vicriviroc continues to be in development for treatment-experienced patients. Maraviroc, the first Food and Drug Administration-approved CCR5 inhibitor available for treatment of HIV-1 infection, is the focus of this review. We discuss the structure of this compound and its pharmacokinetics, antiviral potency, potential impact on the host immune response, resistance, efficacy in clinical trials, and safety. We hope to provide some perspective on its clinical utility within the field of the currently available antiretroviral drugs.
THE TARGET
The HIV-1 coreceptors CXCR4 and CCR5 belong to the G protein-coupled receptor superfamily, which is estimated to include 11000 different proteins, and are important targets for drug discovery in many disease states [6] . CCR5 is an especially interesting target, because the genetic absence of surface-expressed CCR5 in d32 homozygous genotype populations results in almost complete resistance to HIV-1 infection [7] . This ab-sence seems to have few deleterious consequences for the host, although there is now a fairly strong association between homozygosity for the deletion mutation and risk of symptomatic West Nile virus infection [8] .
DRUG DISCOVERY
Pfizer scientists screened their library of compounds, using a chemokine radioligand binding assay to identify a small-molecule CCR5 ligand. The imidazopyridine UK107,543 was one of the most potent lead compounds identified and was the starting point of an intensive medicinal chemistry program, which included parallel screening to optimize the binding potency, antiviral activity, absorption, pharmacokinetics, and specificity for CCR5. The result of this massive effort was maraviroc [9] . Maraviroc was found to have potent in vitro antiviral activity against all CCR5-tropic HIV-1 viruses tested, including 43 primary isolates from various clades and diverse geographic origin (mean MIC 90 , 2.0 nmol/L). Maraviroc was also active against 200 clinically derived HIV-1 envelope pseudoviruses, 100 of which were from viruses resistant to existing drug classes [9] . The compound has a molecular weight of 514 g/mol and is a moderately lipophilic (log D7.4 value, 2.1) and basic (pKa, 7.3) molecule [10] . Maraviroc is sold under the trade name Selzentry (Celcentri outside the United States) and is available as film-coated tablets for oral administration containing either 150 mg or 300 mg. It is 75.5% plasma protein bound in humans. The volume of distribution of maraviroc is ∼194 L.
Absorption of maraviroc is rapid but variable, with the time to maximum absorption generally being 1-4 h after receipt of the drug. After a 10-day course of monotherapy with maraviroc, the mean viral load reductions were similar at all dosages: the mean viral load reductions were 1.42 log 10 copies/mL (range, 1.04-1.84 log 10 copies/mL) with a dosage of 100 mg twice daily, 1.45 log 10 copies/mL (range, 0.90-1.71 log 10 copies/mL) with a dosage of 150 mg twice daily, 1.35 log 10 copies/mL (range, 0.95-1.62 log 10 copies/mL) with a dosage of 300 mg once daily, and 1.60 log 10 copies/mL (range, 0.78-2.42 log 10 copies/mL) with a dosage of 300 mg twice daily [11] .
Coadministration of a 300-mg tablet with a high-fat breakfast reduced the maraviroc maximum concentration (C max ) and total drug exposure (area under the curve [AUC]) by 33% in healthy volunteers. The results were somewhat different in HIV-1-infected patients. Twice daily and once daily administration of the drug and the effect of food were compared for response to treatment in HIV-1-infected volunteers. There was no difference in reduction in viral load at day 11 between groups given a dosage of 150 mg twice daily and those given a dosage of 300 mg once daily or between groups given a dosage of 150 mg twice daily with food and those given treatment who fasted. With a dosage of 150 mg twice daily, food reduced the C max by 60% and the AUC by ∼50%, with no effect on trough concentrations (C min ) and no significant impact on viral load reduction. However, there were no food restrictions in the clinical studies that demonstrated the efficacy and safety of maraviroc; thus, no food restrictions were placed on the drug at licensing.
The pharmacokinetics of oral maraviroc are not dose proportional over the dose range. The absolute bioavailability is 23% for a 100-mg dose and is predicted to be 33% for a 300-mg dose [12] .
The elimination half-life after a single 300-mg oral dose is h. The terminal half-life of maraviroc after admin-10.6 ‫ע‬ 2.7 istration of an oral dose to achievement of a steady state in healthy subjects was 14-18 h. The C max is ng/mL, and 144 ‫ע‬ 51 the AUC is ng-h/mL. Recent results from a phar-537 ‫ע‬ 133 macokinetic study of genital tract secretions and vaginal tissue in healthy, uninfected women who received a standard oral dosage of 300 mg of maraviroc twice daily for 7 days indicated that the AUC in cervicovaginal fluid was 14-fold higher than that in plasma; in vaginal tissue, the AUC was almost double that in plasma [13] . The concentration in cervicovaginal fluid at 72 h after the last dose was roughly equal to plasma concentrations at 12 h after the last dose. These results suggest that maraviroc may be a useful component of pre-exposure prophylaxis or microbicide strategies in HIV-1 prevention.
Maraviroc is a substrate for p-glycoprotein, which limits intracellular concentrations of the drug. It is also a substrate for CYP3A4 and, therefore, requires adjustment in the presence of inhibitors, such as ritonavir, or inducers, such as efaverenz and etravirine.
The majority of the drug (∼75%) is excreted in the feces, whereas ∼20% is excreted in urine [10] . Approximately 33% of the drug is excreted unchanged. The remainder is excreted as inactive metabolites. No dose adjustment is necessary for renal or hepatic impairment [12] , although some accumulation of the drug may occur in persons with moderate-to-severe renal insufficiency (renal clearance, !50 mL/min) or hepatic insufficiency [12] . Occupancy of CCR5 receptors by maraviroc was studied in HIV-1-infected patients and was found to be 180% just before readministration at a steady state. Five days after discontinuation of the drug, the receptors remained 160% occupied, which may account for an observed delay in viral load rebound after drug discontinuation [11] .
EFFECT OF CONCOMITANT TREATMENT ON THE PHARMACOKINETICS OF MARAVIROC
Because maraviroc is a substrate of CYP3A and Pgp, its pharmacokinetics are likely to be modulated by inhibitors and inducers of these enzymes and transporters. The CYP3A and/or Pgp inhibitors ketoconazole, lopinavir plus ritonavir, ritonavir, saquinavir, and atazanavir all increased the C max and AUC of maraviroc. The CYP3A inducers rifampin and efavirenz decreased the C max and AUC of maraviroc. Tipranavir plus ri-tonavir (net CYP3A inhibitor and Pgp inducer) did not affect the steady-state pharmacokinetics of maraviroc. Neither trimethoprim-sulfamethoxazole nor tenofovir altered the pharmacokinetics of coadministered maraviroc. The recommended drug administration schedules are listed in table 1.
RESISTANCE
Resistance to maraviroc can occur in either of the 2 following ways: (1) mutations can develop that allow HIV-1 to use CXCR4 coreceptors (i.e., a change in tropism) or (2) mutations can develop that allow HIV-1 to continue using the CCR5 coreceptors, despite blockade by maraviroc. A change in tropism is of particular concern, because the presence of virus that can use the CXCR4 coreceptor has been associated with a more rapid decrease in CD4 + lymphocyte count and faster disease progression [14, 15] . The frequency with which coreceptor switching occurs is unknown. Switching involves the development of multiple mutations throughout gp160, with resulting lowered replication capacity (i.e., fitness) and less efficient use of both CCR5 and CXCR4 [16] .
The main mechanism of resistance to maraviroc appears to be the ability of the virus to use maraviroc-bound (inhibitorbound) CCR5 coreceptors as a result of selection of multiple mutations in the V3 loop of gp120 [17] . The in vitro result of resistance is a "plateau effect" seen on susceptibility curves plotting the percentage of HIV-1 inhibition against increasing concentrations of maraviroc. In other words, increasing concentrations of maraviroc do not increase the percentage of viral inhibition, because maraviroc-resistant HIV-1 can bind to CCR5 in both its normal conformation and its maravirocbound conformation. The height of the plateau is dependent on the relative affinity of HIV-1 for inhibitor-bound versus free CCR5; the greater the affinity for maraviroc-bound CCR5, the lower the height of the plateau [17] .
There appears to be little intrinsic resistance to maraviroc [9] and no cross-resistance with the fusion inhibitor enfuvirtide, which selects for mutations in the gp41 region of the viral envelope complex [18] . Maraviroc has good activity at baseline against both subtypes B and non-subtype B virus [9] ; subtype differences were not associated with differences in virologic failure rates in a recently completed clinical trial [19] .
TROPISM
Maraviroc has activity against HIV-1 that is exclusively CCR5 tropic. Thus, determination of tropism is necessary before initiation of therapy with the drug. The most widely used assay for determination of tropism is the Trofile assay, which is available only through Monogram Biosciences, at a cost of ∼US$1800. This assay has the ability to detect minority (CXCR4) variants with a sensitivity of 100% when the percentage of minority variants is at least 10% and with a sensitivity of 85% when the percentage of minority variants is 5% [20] . Although work continues on development of reliable V3 genotyping algorithms for prediction of tropism, currently available V3 genotyping algorithms have been shown to be inadequate for prediction of CXCR4 coreceptor use [21] , especially with non-subtype B virus [22] . Recently presented data concluded that the Trofile assay detected substantially more CXCR4-using viruses than did another commercially available assay, the SensiTropassay, although formal sensitivity analyses were not performed [23] .
The issue of detecting minority variants is especially important, because preexisting minority variants that are not detected at baseline have been shown to be correlated with treatment failure in persons receiving maraviroc [24, 25] . An improved version of the Trofile assay is being developed and has been shown to detect preexisting minority variants that are not detected with the currently available Trofile assay [26] . In a recent analysis of persons enrolled in a phase II trial of vicriviroc (AIDS Clinical Trials Group 5211), 22% of persons classified at baseline as infected with CCR5-tropic virus by the standard Trofile assay were found to be infected with dual-and/or mixedtropic virus when the enhanced assay was used for the same baseline specimens [26] . The enhanced assay is likely to be available commercially within the next 6-12 months.
EFFICACY
The efficacy of maraviroc was established in 2 concurrently conducted clinical trials involving HIV-1-infected, antiretroviral-experienced persons with persistent viremia (Maraviroc Plus Optimized Therapy in Viremic Antiretroviral Treatment Experienced Patients [MOTIVATE] 1 and 2) [27, 28] . The 2 trials differed primarily by the geographic location of participants. In a combined analysis of the 2 trials, maraviroc together with optimized background therapy (OBT) resulted in an ∼1 log 10 decrease in HIV-1 RNA levels, compared with OBT only [29] . Approximately 2.5 times as many persons receiving maraviroc achieved HIV-1 RNA levels !50 copies/mL, compared with those not receiving maraviroc (44% vs. 17%). The increase in CD4 + cell count also was higher in those receiving maraviroc (120 cells/mL vs. 61 cells/mL). The use of enfuvirtide did not appear to increase the virologic response among those receiving maraviroc; to our knowledge, this was the first time that enfuvirtide did not increase the virologic response rate in recent clinical trials involving antiretroviral-experienced persons. However, an analysis based on previous use of enfuvirtide has yet to be completed and published. Moreover, although a recent meta-analysis of phase II and III clinical trials involving antiretroviral-experienced persons found CCR5 inhibitors to be associated with an enhanced CD4 + cell count response, independent of the degree of virologic suppression [30] , it is unclear whether this effect is durable or clinically relevant. Indeed, the 
NOTE.
No dose adjustment is necessary or recommended for renal or hepatic impairment, although the safety and efficacy of maraviroc have not been studied sufficiently in persons with renal or hepatic impairment. BID, twice daily; NRTI, nucleoside analogue reverse-transcriptase inhibitor.
increase in circulating CD4
+ cell count may be attributable to decreased trafficking to tissues (and increased endothelial demargination) as a result of the blocking of CCR5 [31] .
In the MOTIVATE trials, maraviroc was generally well tolerated; the percentage of treatment discontinuations because of toxicity was the same in the maraviroc plus OBT arm and in the OBT only arm (5% in each arm). Deaths were somewhat more frequent among those receiving maraviroc than among those receiving OBT only (1.8% vs. 1.0%). However, none of the deaths were judged to be due to maraviroc. It is worth noting that the population studied in the MOTIVATE trials had advanced HIV-1 infection (median CD4 + cell count, !200 cells/ mL), with 165% of participants receiving р2 active drugs as background therapy. Approximately 50% of persons screened for the MOTIVATE trials were found to be infected with dualand/or mixed-tropic virus and, thus, were not eligible for participation [27, 28] .
The percentage of persons infected with virus that is exclusively CCR5 tropic has been shown to decrease with decreasing CD4 + cell count [32] and with years of antiretroviral experience [33] (from 80%-90% in antiretroviral-naive persons to у50% in antiretroviral-experienced persons [34] ). Therefore, the potential usefulness of maraviroc might be expected to be greater for antiretroviral-naive persons. The efficacy of maraviroc in antiretroviral-naive persons was studied in the MERIT trial (multicenter, randomized, double-blind, comparative trial of a novel CCR5 antagnoist, maraviroc vs. efavirenz, both in combination with Combivir [zidovudine/lamivudine], for the treatment of antiretroviral-naive subjects infected with R5 HIV-1) [35] . In this trial, 740 persons infected with CCR5-tropic HIV-1 were randomized 1:1 to receive either maraviroc or efavirenz, each in combination with zidovudine plus lamivudine. The median CD4
+ cell count at entry into the trial was ∼250 cells/mL. The MERIT trial was designed as a noninferiority trial using a covirologic end point, with the lower 95% CI boundary required to be no greater than 10% lower to support the claim of noninferiority. For the covirologic end point of HIV-1 RNA level !400 copies/mL, the lower confidence interval boundary was Ϫ9.5% (favoring efavirenz); for the covirologic end point of HIV-1 RNA level !50 copies/mL, the lower confidence interval boundary was Ϫ10.9% (also favoring efavirenz). Therefore, the claim of noninferiority of maraviroc as a component of initial therapy, compared with efavirenz, could not be supported. The difference in the percentage of persons achieving an HIV-1 RNA level of !50 copies/mL was particularly striking among those who entered the trial with HIV-1 RNA levels у100,000 copies/mL (66.6% vs. 59.6%, favoring efavirenz). It should be noted that the CD4 + cell count response was at least as good with maraviroc as it was with efavirenz and that maraviroc was well tolerated. Nevertheless, the results of the MERIT trial do not support the use of maraviroc as therapy for antiretroviral-naive persons.
The efficacy of maraviroc was also studied in a population of persons who were infected with virus that was dual and/or mixed tropic for the CCR5 and CXCR4 coreceptors [36] . In the study, 158 antiretroviral-experienced persons were randomized 1:2 to receive OBT only or OBT plus maraviroc. There were no safety, virologic, or immunologic outcome differences noted after 48 weeks of therapy. In other words, maraviroc was of no benefit to this population of persons infected with dualand/or mixed-tropic virus.
MALIGNANCIES AND OTHER SERIOUS ADVERSE EVENTS
There has been some concern that CCR5 blockade may result in decreased immune surveillance and a subsequent increased risk of development of malignancies (e.g., lymphomas). In addition, genetic deficiency of the CCR5 coreceptor is an important risk factor for the development of symptomatic West Nile virus infection [8] . To date, there has been no suggestion from clinical trials data that the incidence of either lymphomas or West Nile virus infection is increased among those receiving maraviroc. The incidence of infections overall also was not increased among those receiving maraviroc in clinical trials; there was an increase in the incidence of herpes virus infections (11.4 vs. 8.2 cases per 100 person-years of exposure), upper respiratory tract infections (36.9 vs. 27.1 cases per 100 personyears of exposure), sinusitis (10.6 vs. 7.3 cases per 100 personyears of exposure), and influenza (2.7 vs. 1.0 cases per 100 person-years of exposure) and a decrease in the incidence of pneumonia (3.4 vs. 10.4 cases per 100 person-years of exposure) among those receiving maraviroc [12] . In addition, there was 1 case of possible maraviroc-induced hepatotoxicity with allergic features in an HIV-1-negative volunteer [12] , but there was nothing to suggest that maraviroc was similar in this respect to the discontinued CCR5 coreceptor antagonist aplaviroc [37] . There was an increase in the number of hepatic adverse events seen in individuals who received maraviroc in clinical trials, although there was no overall increase in the number of serious (grade 3 or 4) abnormalities in liver function among individuals who received the drug [12] . Nevertheless, there is a "black box" warning about hepatotoxicity in the package insert for maraviroc [12] . Only ∼6% of persons who received maraviroc in clinical trials were coinfected with hepatitis C virus, and another 6% were positive for hepatitis B surface antigen; thus, little is known about the safety of maraviroc in these populations.
SUMMARY
Maraviroc is a promising new antiretroviral agent that does not have any cross-resistance with drugs from other classes. The drug has proven to be useful when combined with other antiretroviral agents for treatment of antiretroviral-experienced persons infected with CCR5-tropic HIV-1. Clinical experience is still limited, especially with regard to safety data and the assessment of risk of malignancies. Dosing is somewhat complicated (table 1) , and there are many potential and actual drugdrug interactions. It is unclear whether enfuvirtide will be of added benefit to patients receiving maraviroc. The Trofile assay for tropism should be performed before initiation of therapy with maraviroc. Because of the risk of under-detection of dualand/or mixed-tropic virus, maraviroc should be used with at least 2 other fully active drugs. Maraviroc is not approved for use in antiretroviral-naive persons and, on the basis of the results of the MERIT trial, should not be used solely with nucleoside analogue reverse-transcriptase inhibitors as active agents. Finally, data on the pharmacokinetics of maraviroc in the female genital tract suggest that the drug may prove to be useful in future strategies for HIV-1 prevention.
